Abstract The present work focuses on the measurements of bubble properties in heterogeneous bubbly flows in a square bubble column. A four-point optical fibre probe was used for this purpose. The accuracy and intrusive effect of the optical probe was investigated first. The results show that the optical probe underestimates bubble properties, such as, bubble velocity, local void fraction. The presence of the probe in the bubble column influences the local flow conditions. Particularly, when the probe is placed close to the liquid surface, this influence is more pronounced. Furthermore, two methods determining interfacial area were compared. The results from both methods agree quite well at low superficial gas velocity, whereas large discrepancies are found when superficial gas velocity increases. Finally, effect of column height on bubble properties was studied. No significant difference was found for the three investigated columns.
Introduction
Bubble columns are intensively utilized as multiphase contactors and reactors in chemical, petrochemical, biochemical and metallurgical industrials. There are several advantages during operation and maintenance, such as high heat and mass transfer rates, compactness and low operating and maintenance costs. For the operation of two-phase flows in bubble columns, insight in primary parameters such as bubble size, shape and velocity as well as void fraction is essential. For example, bubble characteristics play a key role in the performances of heat and mass transfer in bubble column reactors. At high void fractions, the flow system becomes opaque, ruling out camera techniques. Optical fibre probes (Cartellier 1990 , Mudde 2001 have the advantage of low cost, simplicity of setup and easy interpretation of the results. With an optical fibre probe, the measurement of local void fraction becomes possible. Furthermore, using a four-point optical probe, properties of bubbles can also be studied, such as bubble velocity and bubble size.
Although a lot of research has been carried out in two-phase flows in the past decades, effort to enhance the understanding of the hydrodynamical behaviour of bubbles is necessary. For this purpose, in this work we study bubbly flows inside a square column with superficial gas velocities ranging from 0.005 m/s to 0.1 m/s. By using a four-point optical probe, some details about bubble properties, such as bubble velocity and local void fraction can be revealed.
Experimental setup
The experiments were carried out in a square column with a cross-sectional area (W×D) of 0.15×0.15 m 2 . A perforated plate with 49 holes of 1 mm in diameter is used as a gas sparger at the bottom of the column. These holes are located evenly at a square pitch of 6.25 mm in the central region of the perforated plate. Demineralized water is used as liquid phase and the gas phase is air. A sketch of the experimental setup is shown in Fig. 1 . A four-point optical probe was inserted through one of the side walls, which is made of steel.
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Data processing Interpretation of probe data
Optical probes have been used to study bubble properties in two-phase flows for decades. The principle of optical probe is based on different refractive indices of light in the two phases. With sufficient signal to noise ratio, the two phases can be distinguished. Consequently, by using a separation method, the gas phase can be easily retrieved from the output signal. This makes it possible to deduce bubble properties, i.e. local void fraction. Furthermore, it is also possible to obtain the bubble velocity when multiple probe tips are used. As an intrusive instrument, however, the presence of probe influences the local flow conditions and thus, the measurements of the optical probe. This intrusive effect will be discussed in the paper. The four-point optical probe has three tips of the same length that form an equivalent angle. The fourth tip is positioned in the center between the other three tips. The radial distance 0.5 p d = mm and the vertical distance is 1.4 s ∆= mm. The configuration of the probe is shown in Fig. 2. The interpretation of the probe signal is based on the method used by Julia et al. (2005) and Harteveld (2005) . That is, the gas phase is determined with the following threshold:
threshold, V L is signal level of liquid phase and V G is signal level of gas phase. The local void fraction can be expressed as the ratio between the accumulated bubble sampling time and the total sampling time (Cartellier, 1990) .
In this work, the local void fraction is determined by the central tip (tip 0). The bubble velocity can be determined from the distance between the central tip and the other three tips and the average time difference that the bubble hits the central tip and the other three tips: 
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This criterion has a strong effect on the fraction of valid bubbles and on the accuracy of the results. Mudde and Saito (2001) found the best agreement between velocities measured with a probe and measured with a camera for 0.08 β = . With such choice, however, the fraction of valid bubbles would be rather low. Therefore, 0.20 β = was used in their experiments and the results were acceptable. Fortunati et al. (2002) studied the sensitivity of the bubble selection criterion by analysing the probability density function of bubble velocity and found that the probability density function of bubble velocity does not change considerably by increasing β up to 0.25. In the present paper, in order to increase the valid bubble fraction, 0.40 β = was used. Consequently the valid bubble fraction increases from about 20% to 37% when β is increased from 0.25 to 0.40. The resulting deviation of bubble velocity and mean bubble chord length is about respectively 2% and 1%. During measurements, at least 1500 bubbles selected from the criterion mentioned above are used to calculate the average bubble velocity at each location. Particularly, in cases of high superficial gas velocity, more than 3000 bubbles are selected, i.e. above 10,000 bubbles are used in case of superficial gas velocity u g = 0.6 m/s.
Differential pressure transducer
By measuring the differential pressure ΔP over a certain height Δz before and after injecting gas into column, one can calculate gas holdup α with the following equation.
It is assumed that the mass of the gas phase is negligible compared to that of the liquid phase.
Interfacial area calculation
In two-phase flow systems, the interfacial area concentration is of importance. Assuming spherical bubbles, the interfacial area concentration is related to the gas holdup α and the sauter mean bubble diameter s d .
By using a four-point optical probe, however, one can only obtain chord lengths of bubbles instead of diameters of bubbles. Some researchers tried to find a relationship between the chord length distribution and the bubble size distribution in a statistical way (Lim 1990 , Liu 1995 , 1998 . Determination of the bubble size distribution from the chord length distribution is a typical inversion problem. By using some assumptions, such as bubble shape and angle of attack, use of backward transformation to determine the bubble size distribution is possible. In the present study, the bubble size distribution is not considered. Only the mean values of bubbles are investigated. Therefore, according to Liu (1995) , the equivalent bubble diameter e d can be estimated with the following formula by assuming bubbles approaching the probe with a zero angle of attack and ellipsoidal bubbles. 
where E is aspect ratio of bubble and R z is the mean chord length. When the bubble aspect ratio of bubble is known, one is able to determine the equivalent bubble diameter and thus, the interfacial area. The aspect ratio of the bubble, however, is difficult to be determined because of the flow complexity. Dijkhuizen (2008) 
where T is total measurement time and φ is the angle between the interface velocity vector v r and the direction of the surface normal vector at (x, y, z). By assuming spherical bubbles and the probe passes every part of the bubble with an equal probability, the formula can be simplified as follows.
( )
where N is the bubble frequency, i.e. the number of bubbles hitting the probe per unit time.
In the present work, both methods for determining the interfacial area are adopted.
Results and discussions

Intrusive effect of probe
There is no doubt that the optical probe, as an intrusive instrument, locally disturbs the flow field and thus, the bubble properties obtained from the probe. To investigate this intrusive effect and verify the feasibility of probe, an extra measurement was performed. The bubble properties at three different depths (y/D=0.5, y/D=0.75, y/D=0.875) were measured with the four-point optical probe. The small column (H/W=3) was used. The optical probe was inserted through the side wall at nearly half height (z/H=0.55) of the column. Two cases with different superficial gas velocities ( u g =0.02 m/s, u g =0.1 m/s) were considered.
When the optical probe is used to obtain values for local void fraction α and bubble velocity u at different positions in one horizontal plane, the overall gas flow rate Q can be computed with the following formula and compared with that from the flow meter to verify the accuracy of the optical probe.
where A is cross-sectional area of the column. By assuming symmetry of the flow, the total gas flow rate is obtained from calculating gas flow rate over the half area of cross section and/or a quarter of the cross sectional area. Furthermore, surface-averaged void fraction can be calculated from the following formula.
(,)
The surface-averaged void fraction can also be compared with the gas holdup obtained from the differential pressure transducer. The comparisons of both gas flow rate and gas holdup are listed in table 1. It can be seen that the gas flow rates obtained from the optical probe are less than those from the flow meter. The gas flow rate from the optical probe differs about 30% from that obtained with the flow meter. The gas holdup from the optical probe has a much smaller deviation compared with results from the differential pressure transducer.
The reasons for the observed discrepancies may be various. Besides the assumption of symmetry of flows inside column, the Table 1 Comparisons of both gas flow rate and gas holdup 6th International Symposium on Multiphase Flow, Heat Mass Transfer and Energy Conversion Xi'an, China, 11-15 July 2009 Paper No. MF-12
-5 -processing method of optical probe rules out many bubbles that are rising inside the column at a large angle of attack and that do not hit the four tips of the probe. Furthermore, the intrusive effect of probe is also one of the reasons. From Fig. 3 , it can be found that in the locations ( x/W>0.5) some of the local void fractions are slightly smaller than those in corresponding locations (x/W<0.5). Since the probe is inserted through the side wall at x/W =1, the support of probe influences the flow there. 
Comparisons of interfacial area
The two methods to calculate the interfacial area from the optical probe mentioned above are compared. The comparisons are taken in a column ( H/W=6) with three different superficial gas velocities ( u g =0.005 m/s, u g =0.04 m/s, u g =0.1 m/s). The results are shown in Fig. 4 . It can be seen that there is no significant difference between the two methods of determining the interfacial area from the optical probe when the superficial gas velocity is low (u g =0.005m/s). However, one can find some large discrepancies when superficial gas velocity increases. Due to intensive interactions between bubble and bubble, coalescences of bubbles become frequent at high superficial gas velocity. Big bubbles are no longer in ellipsoid shape. Therefore, the assumption of ellipsoid shape of bubble would not be feasible any more. And the estimation of 0.7 E = would not be correct. 
Effect of column height
The effect of column height on the bubble properties, such as bubble velocity, local void fraction, interfacial area and equivalent diameter, will now be discussed. Results measured at a height of 339 mm in the three columns are shown in Fig. 5 . In this figure, the interfacial area is calculated from Eq. 8 and the equivalent bubble diameters are obtained from Eq. 5. From the plots, it can be seen that the column height does not have a significant effect on the bubble properties inside the column. For example, at a superficial gas velocity u g =0.005 m/s, the bubble velocity and the local void fraction in the three columns have similar profiles. And the profiles are more or less flat. This is caused by the meandering motion of a bubble plume inside column. 
H/W=6). a 6th International Symposium on Multiphase Flow, Heat Mass Transfer and Energy Conversion
Xi 'an, China, 11-15 July 2009 Paper No. MF-12 -6 - When increasing the superficial gas velocity, the distributions of bubble velocity in two columns ( H/W=3 and 6) also have similar patterns. However, the local void fraction and interfacial area in the small column are slightly higher than those in the large column. In the small column, the position of the probe is quite close to the surface of liquid ( z/H=0.75), whereas, in the large column, the probe is far away from the liquid surface ( z/H=0.38). Liquid circulation near the free surface may be stronger in the small column than in the large column. Thus, bubbles may touch the probe more frequently. Furthermore, it is found that the equivalent bubble diameters are more or less the same in the three columns. When the superficial gas velocity increases, the equivalent bubble diameter also increases. When the superficial gas velocity is larger than 0.04 m/s, however, the equivalent bubble diameter only changes a little.
In the plots, it can be found that bubble properties in the region where x/W>0.5 are smaller than those in the region where x/W<0.5, which is probably due to the probe disturbance.
Conclusions
In the present work, we studied bubble properties in bubble column with different superficial gas velocities. A four-point optical fibre probe was used to measure the relevant quantities, such as bubble velocity and local void fraction. The accuracy of the optical probe was studied. The results deduced from the optical probe, such as gas flow rate and areaaveraged void fraction are compared with those obtained from a flow meter and a differential pressure transducer. Discrepancy between results from the optical probe and the flow meter and the differential pressure transducer was found, which is probably due to the intrusive effect of the probe. Two methods for determining interfacial area were compared. They agree with each other quite well at low superficial gas velocity. However, discrepancies are found when superficial gas velocity increases. Furthermore, the effect of column height on the bubble properties was investigated. It was found that the flow hardly depends on the column aspect ratio except for the local void 
